Introduction
Intermediate filament (IF) proteins are a class of tissue-specific proteins, sharing structural properties and the ability to assemble into 10 nm filaments. As they mature, neurons synthesize distinctive sets of IF proteins that serve varying support and scaffolding roles in axon and dendrite outgrowth, stabilization, and function. At the earliest stage of neuronal development, nestin is expressed in stem cells of the CNS but is suppressed during subsequent development (Lendahl et al., 1990) . Vimentin, an IF protein in many mesenchymal cell types, is abundant in most CNS neurons before they differentiate and persists into some mature neurons, where it contributes to neurite formation and extension (Nixon and Shea, 1992; Perrin et al., 2005) . After synaptic connections are established, neurofilaments (NFs) containing the neurofilament "triplets" NF-L (70 kDa), NF-M (150 kDa), and NF-H (200 kDa) become the principal constituents of the neuronal IF network.
CNS neurons also contain ␣-internexin, which was initially identified as an IF binding protein (Pachter and Liem, 1985) . Subsequently, the structural properties of ␣-internexin and the ability to assemble into filaments by itself or together with either neurofilament proteins or vimentin established ␣-internexin as an IF protein (Kaplan et al., 1990; Ching and Liem, 1993; Steinert et al., 1999) . Although its specificity for neurons and abundance in axons led early investigators to suspect that ␣-internexin, like peripherin, may be a subunit of neurofilaments (Portier et al., 1983; Chiu et al., 1989; Kaplan et al., 1990) , little evidence has been brought to bear on this possibility (Al-Chalabi and Miller, 2003; Lariviere and Julien, 2004; Liu et al., 2004) . Moreover, other studies have supported the view that ␣-internexin forms a separate filament system (Benson et al., 1996; Chien et al., 1996; McGraw et al., 2002) . ␣-Internexin can form homopolymers, unlike the neurofilament triplets, which are obligate heteropolymers (Ching and Liem, 1993; Cooper and Hausman, 2003) . ␣-Internexin gene expression is highest before birth and declines somewhat before expression of the triplet protein sharply rises postnatally (Kaplan et al., 1990) . In exceptional cases, such as mature cerebellar granules cells, ␣-internexin is reported to exist in the absence of detectable neurofilament triplet (Chien et al., 1996) . In contrast, the concept of the neurofilament as a polymer composed of three subunits continues to be universally accepted and consistently articulated, without exception, in all published works and major reviews on this subject (Perrone Capano et al., 2001; Al-Chalabi and Miller, 2003; Gama Sosa et al., 2003; Garcia et al., 2003; Xia et al., 2003; Cairns et al., 2004a; Lariviere and Julien, 2004; Liu et al., 2004; Lobsiger et al., 2005; Petzold, 2005; Theiss et al., 2005) . The physiological roles of ␣-internexin, therefore, remain essentially undefined.
Beyond its important neurobiological implications, understanding the function and relationship of ␣-internexin to neurofilaments takes on additional significance in light of the recent identification of a form of late-onset dementia characterized by inclusions of neuronal IF proteins (Cairns et al., 2003; Josephs et al., 2003) . Initially termed "neurofilament inclusion disease," this condition was renamed "neuronal IF inclusion disease" when ␣-internexin was discovered in the pathological inclusions, underscoring the prevailing view that ␣-internexin is not a component of the neurofilament (Cairns et al., 2004a,b,c; Momeni et al., 2005; Mosaheb et al., 2005) . ␣-Internexin is also implicated in tropical spastic paraparesis/human T-cell leukemia virus type 1-associated myelopathy (Reddy et al., 1998) , a degenerative CNS disorder in which neurofilaments accumulate in giant axonal spheroids (Wu et al., 1993; Liberski et al., 1994; Liberski et al., 1999) . Finally, ␣-internexin overexpression causes neurofilament accumulations and motor coordination deficits in transgenic mice (Ching et al., 1999) .
Recently, we observed that ␣-internexin is important for NF-M axonal transport when NF-H and NF-L are deleted from mice (Yuan et al., 2003) , suggesting that the interaction between these proteins may be functionally significant. To define further the relationship between ␣-internexin and neurofilament triplets, we investigated here the behavior and distribution of ␣-internexin under physiological conditions in vivo and conditions in which neurofilament behaviors were altered by genetically deleting or modifying one or more neuronal IF subunits. Our data identify important new structural and functional relationships between ␣-internexin and neurofilament triplets. Moreover, by applying criteria previously used to establish the triplets as neurofilament subunits as well as new criteria based on novel genetic findings, we obtained strong evidence that ␣-internexin is a subunit of CNS neurofilaments. The studies reconcile previous observations on ␣-internexin, including the similar behaviors of ␣-internexin and neurofilament triplets observed in pathological states.
Materials and Methods
Generation of knock-out animals. Adult male or female mice of the C57BL/6J strain, 3-12 months of age at the time of injection or when they were killed, were used in all experiments. Mice were housed at 23°C on a 12 h light/dark cycle and were maintained on Lab Chow (Purina Mills, Gray Summit, MO) supplied ad libitum. Production of NF-H knock-out (hko) (Rao et al., 1998) , NF-M knock-out (mko) (Jacomy et al., 1999) , ␣-internexin knock-out (␣-iko) (Levavasseur et al., 1999) , and NFHLacZ mice (Eyer and Peterson, 1994) has been described previously. ␣-Internexin and NF-H double knock-outs (␣-ih-dko) were generated by cross breeding ␣-iko with hko. ␣-Internexin and NF-M double knock-outs (␣-im-dko) were generated by cross breeding ␣-iko with mko. NF-H and NF-M double knock-outs (hm-dko) were generated by cross breeding hko with mko mice.
Southern blot screening of knock-out mice was performed as below. One-half-centimeter tails cut from the tip of offspring of heterozygous/ heterozygous mating were incubated overnight at 55°C with 10 l of 20 mg/ml proteinase K in 0.5 ml of 50 mM Tris buffer, pH 7.4, 100 mM EDTA, pH 8, 400 mM NaCl, and 0.5% SDS. Subsequently, 150 l of 7 M NaCl was added to the digested tails and vigorously shaken 30 s and centrifuged at 10,000 ϫ g for 5 min before adding 0.5 ml of 100% ethanol per 0.5 ml of supernatant and centrifuging for 5 min in 4°C to pellet DNA. The DNA was washed twice with 0.5 ml of 70% ethanol and airdried before incubating in 100 l of 10 mM Tris, pH 8, 1 mM EDTA at 55°C for 20 min and then vortexing for 5 s to fully suspend the DNA. The purified genomic DNA was digested overnight at 37°C with HindIII for NF-H, BamHI for NF-M, or EcoRI for ␣-internexin and separated on a 0.8% agarose gel, denatured with 0.5 M NaOH and 1.5 M NaCl for 30 min, and transferred to Hybond Nϩ filters (Amersham Bioscience, Buckinghamshire, UK) overnight. The membrane was then neutralized with 1.5 M NaCl and 0. 5 M Tris, pH 7, for 15 min prehybridized at 65°C for 1 h in 200 ml of Church and Gilbert hybridization solution (containing 100 ml of 1 M phosphate buffer, 0.4 ml of 0.5 M EDTA, pH 8, 2 g of BSA, 14 g of SDS) and hybridized overnight at 65°C with labeled probe. The membrane was then washed once at room temperature for 10 min with 17.53% NaCl, 8.82% sodium citrate, pH 7.4, and washed twice at 60°C for 30 min with 1.753% NaCl, 0.882% sodium citrate, pH 7.4, containing 0.5% SDS before being exposed to x-ray film at Ϫ80°C overnight.
Isotope injections. Adult mice were anesthetized with 13-20 l/g body weight of Avertin (0.5 g of tribromoethanol and 0.25 g of 2-methyl-2-butanol in 39.5 ml of distilled water) and received 0.30 l of phosphatebuffered normal saline, pH 7.4, which contained 50 Ci
L-[
35 S]methionine (specific activity 1175 Ci/mmol) or 25 Ci L-[2,3-3 H]Proline (specific activity 30 -50 Ci/mmol) purchased from PerkinElmer (Boston, MA). Injections were made into the vitreous of each eye with a glass micropipette (70 -100 m) apparatus (Nixon and Logvinenko, 1986) .
Axonal transport studies. The retinal ganglion cells of adult hko, mko, ␣-ih-dko, ␣-im-dko, or hm-dko mice and their corresponding wild-type controls were radiolabeled by intravitreal injection. The primary optic pathway consists of the optic nerve, the optic chiasm, and part of the optic tract extending to, but not including, terminals in the lateral geniculate nucleus. One, 7, 14, 21, or up to 150 d after isotope injection, optic pathways from groups of three animals were dissected and cut into eight consecutive 1 mm segments on a micrometer slide on dry ice. Tritonsoluble and Triton-insoluble preparations from each segment were subjected to SDS-PAGE, electrotransfer of proteins, phosphoimaging, and autoradiography (Yuan et al., 2003 . Glial cells of the optic nerve were radiolabeled selectively by incubating optic axons in vitro with 35 Smethionine (Nixon, 1982) and compared with optic axons labeled by invitreal injection of 35 S-methionine. These experimental protocols were approved by the New York University and Nathan Kline Institute Institutional Animal Care and Use Committees under the guidelines of the Institutional Animal Care and Use Committee of the United States.
Tissue preparation, SDS-PAGE, and immunoblot analysis. Each optic pathway segment pooled from three mice was homogenized in 125 l of cytoskeleton extraction buffer (50 mM Tris-HCl, pH 6.8, 1% Triton X-1000, 10% glycerol, 0.15 M NaCl, 2 mM EDTA, 2 mM PMSF, 50 g/ml leupeptin, 2.5 g/ml aprotinin). The homogenate was centrifuged at 15,000 ϫ g for 30 min at 4°C to isolate Triton-soluble and Tritoninsoluble particulate fractions. Total protein extracts from nervous tissues were homogenized in buffer containing 25 mM sodium phosphate, pH 7.2, 5 mM EGTA, 1% SDS, and 1 mM phenylmethylsulfonyl fluoride, and protein concentration was measured with the bicinchonic acid assay (Sigma-Aldrich, St. Louis, MO). One-dimensional (1D) SDS-PAGE was performed using 320 mm slab gels containing 5-15% linear polyacrylamide gradients. Two-dimensional (2D) gel electrophoresis was performed as described previously (Yuan et al., 1997 (Yuan et al., , 2000 . PAGEseparated proteins were transferred to nitrocellulose membranes and immunostained using an alkaline phosphatase-conjugated indirect anti-body procedure. The distribution of [
35 S]-methionine-labeled proteins was visualized by autoradiography or phosphoimaging. The radioactivity associated with each of the NF subunits was determined by phosphoimaging or computer-assisted densitometry of autoradiographs. Antibodies used were monoclonal antibodies (mAbs) to NF-L (NR4), NF-M (NN18), NF-H (N52) (Sigma), and ␣-internexin (MAB5224; Chemicon), respectively.
Immunoelectron microscopy. Adult mice were anesthetized with halothane gas, and the tissue was fixed through intracardial perfusion with 0.9% sodium chloride, optic pathways removed and placed into fresh cold 4% paraformaldehyde in PBS. The nerve was cut into short cylinders. For Lowicryl K4M, some of the nerve pieces were rinsed with 0.1 M cacodylate buffer, pH 7.4, treated with graded alcohol series and embedded in hydrophilic resin Lowicryl K4M (Electron Microscopy Sciences, Fort Washington, PA). The samples were UV light polymerized in the freezer for 3 d. The sections were incubated with rabbit anti-NF-M (prepared using purified mouse NF-M proteins as antigen) and mouse anti-␣-internexin (MAB5224; Chemicon) mixture (1:100/1:2) and probed with goat anti-rabbit IgG and/or goat antimouse IgG conjugated to 5 nm and 10 nm gold beads (Amersham Biosciences, Arlington Heights, IL). The grids were stained with uranyl acetate before viewing in Tecnai G2 Spirit electron microscope (FEI Company, Hillsboro, OR) equipped with Ultrascan 895 CCD camera (Gatan, Pleasanton, CA). For ultrathin cryosections, some of the nerve pieces were treated with 2.3 M sucrose and frozen in liquid nitrogen. Cryo-ultrathin sections were cut using a Leica EM FC6 cryo-ultramicrotome. Sections were treated with 10% FCS in PBS and incubated with rabbit anti-NF-M and mouse anti-␣-internexin mixture (1:200/1:5). The grids were incubated with goat anti-rabbit IgG conjugated to 10 nm or 5 nm gold particles and goat antimouse IgG conjugated to 10 nm or 5 nm gold particles. The immunolabeling procedure was done by the Tokuyasu method (Griffiths et al., 1983; Tokuyasu, 1986) . The grids were photographed on a JEOL 100ϫ electron microscope operated at 80 kV.
Immunocytochemistry. Adult mice were anesthetized with halothane gas, and the tissue was fixed through intracardial perfusion with 4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M PBS, pH 7.4, at room temperature. The brain was dissected, and 40-m-thick vibratome sections were processed for immunocytochemistry using antibodies to ␣-internexin (MAB5224, AB5334; Chemicon) and N52 (anti-NF-H; Sigma-Aldrich), SMI31, and SMI33 to neurofilament proteins. The sections were counterstained with diluted cresyl violet. Several sections were processed in tandem in the absence of primary antibody, which served as controls.
Immunofluorescence of SW13vim(Ϫ) cells. Transfection and immunofluorescence staining of SW13vim(Ϫ) cells are performed as described previously (Sasaki et al., 2006) . The ex- Figure 1 . Immunologic identification of ␣-internexin in Triton-soluble and Triton-insoluble fractions of optic axon separated by two-dimensional gel electrophoresis. A, B, Only the relevant portions of the 2D gels are depicted. C-E, In mouse axons, ␣-internexin is a 58 kDa protein with an isolectric point of 5.5-5.6 (C) and is exclusively Triton-insoluble and heavily radiolabeled in optic axons after intravitreal injection of 35 S-methionine (D, E). F-I, ␣-Internexin and its radiolabeled counterpart are detected in axons (F, G) but not in glial cells of optic nerves (H, I ) by immunoblot analyses after selectively labeling axons and glia (see Materials and Methods). B and C are Coomassie blue-stained gels of axonal cytoskeleton (prepared from mouse spinal cord) and optic axons, respectively. D and E are Coomassie blue-stained gel of Triton-insoluble fraction and its corresponding autoradiograph, respectively. F and H are autoradiographs of optic axons and glial cells, respectively; G and I are their corresponding immunoblots stained for ␣-internexin, respectively. J-L show ␣-internexin and NF-L ratio along optic pathway. K, L, Coomassiestained 2D gels of Triton-insoluble fractions from consecutive 1 mm segments of the optic nerve and tract demonstrate that ␣-internexin and NF-L show the same proximal to distal increase (approximate threefold) (K ) and maintain a constant ratio (ϳ50%) along optic pathway (L). The even numbers in J represent nerve segment numbers. ␣-Internexin and NF-L are indicated by an arrowhead and arrow, respectively. The asterisk in I is a degradation product of ␣-internexin. CB, Coomassie blue; S35, autoradiograph; IB, immunoblot. pression plasmid of mouse NF-L, NF-M, and NF-H were constructed by cloning into pcDNA3.1. The expression plasmid of rat ␣-internexin (pRSV-␣) was used as described previously (Ching and Liem, 1993) . NF-L was probed with rabbit polyclonal antibody NA1214 (500-fold dilution; Affiniti, Nottingham, UK). NF-M was probed with mouse monoclonal antibody NN18 (500-dilution; Sigma-Aldrich) or anti-NF-M rabbit polyclonal antibody (200-dilution) prepared using purified mouse NF-M proteins as antigen. NF-H was probed with mouse monoclonal antibody N52 (2000-fold dilution) or anti-NF-H rabbit polyclonal antibody raised against the COOH-terminal 12 aa of mouse NF-H (2000-fold dilution) (Xu et al., 1993) , and rat ␣-internexin was probed with anti-␣-internexin mouse monoclonal antibody MAB5224 (200-fold dilution). Images were observed under an LSM 510 laser-scanning confocal microscope (Zeiss, Oberkochen, Germany).
Results

Stable stoichiometry of ␣-internexin and NF-L in axonal neurofilaments
In mouse spinal cord and optic axons, ␣-internexin was identified on two-dimensional SDS gels as a 58 -59 kDa protein with an isolectric point of 5.5-5.6 ( Fig. 1 A-C) , which was exclusively Triton-insoluble and strongly radiolabeled in optic axons after intravitreal injection of 35 S-methionine in vivo ( Fig. 1 D, E) . The ␣-internexin protein and its radiolabeled counterpart after intravitreal 35 S-methionine administration were recognized by anti-␣-internexin antibody on immunoblot (Fig. 1 F, G) , but radiolabeled ␣-internexin was not detected after labeling glial cells of the optic nerve in vitro ( Fig. 1 H, I ). ␣-Internexin was present in optic axons in amounts comparable with other neurofilament subunits (Fig. 1) . Neurofilaments increase in number proximally to distally along optic axons (Nixon and Logvinenko, 1986) . Coomassie-stained gels demonstrated that ␣-internexin and NF-L display the same increase in content from the proximal to the distal end of optic axons, maintaining a constant ratio ( Fig.  1 J-L) (mean Ϯ SD; n ϭ 4). This ratio does not change significantly in optic nerves of mice from 3-36 months of age (data not shown).
␣-Internexin and NF-L have identical rates of axonal transport and turnover within axons
One-dimensional gel electrophoresis analyses have shown that ␣-internexin is transported in the slow component "a" of axonal transport in rat optic axons (Kaplan et al., 1990) . To detail further the transport of ␣-internexin in relation to that of neurofilament triplets, we performed both 1D and 2D PAGE analysis of transport along consecutive 1 mm segments of the optic nerve and tract at intervals 3-150 d after injecting mice intravitreally with 35 Smethionine or 3 H-proline (Fig. 2) . Regression analysis of replicate series of these gels indicated that the rates of movement of ␣-internexin and NF-L are identical (0.171 Ϯ 0.048 mm/d; mean Ϯ SD; n ϭ 49) (Fig. 2C) . Triton-soluble tubulin, although also in slow component a of axonal transport, was consistently transported more slowly than neurofilaments (0.105 Ϯ 0.051 mm/d; mean Ϯ SD; n ϭ 49). The ratio of newly synthesized ␣-internexin to labeled NF-L remained constant, indicating similar turnover rates within optic axons for these two proteins. The calculated proportions of ␣-internexin relative to NF-L corresponded well to the 1:2 ratio of ␣-internexin and NF-L in isolated neurofilaments during intervals 3-150 d after isotope injection (51.7-53.6%; when normalized to methionine content, 4 in ␣-internexin and 11 in NF-L) (Fig. 2 D) .
Ultrastructural colocalization of ␣-internexin and NF-M on the same neurofilament in optic axons
To determine whether ␣-internexin and NF-M coexist on the same filament system, we performed ultrastructural colocalization studies of these two proteins in mouse optic axons using multiple combinations of ␣-internexin and NF-M antibodies and double-immunogold labeling. Thin sections of paraformaldehyde-fixed optic nerve were incubated with mouse anti-␣-internexin monoclonal antibody and rabbit anti-NF-M polyclonal antibody and then stained with goat anti-mouse and anti-rabbit IgG conjugated with 10 nm and 5 nm gold particles, respectively. Anti-␣-internexin antibody alone decorated most 10 nm filaments in the axon from normal mice (Fig. 3 A, C) , and the specificity of this interaction was confirmed by the absence of labeling in ␣-internexin knock-out animals (Fig. 3B) . When both rabbit anti-NF-M and mouse anti-␣-internexin antibodies were incubated with the sections, immunogold associated with NF-M and ␣-internexin decorated the same 10 nm filaments (Fig.  3 D, E) . The specificity of the immunogold labeling was also confirmed by staining without primary antibodies.
␣-Internexin coassembles with all three neurofilament proteins into a single filamentous network
Previous studies have shown that ␣-internexin can coassemble with each of the neurofilament triplet proteins in doubletransfected SW13vim(Ϫ) cells to form filaments. However, when all four proteins are present in the same cell at the same time, it is not known whether or not ␣-internexin self-assembles into its own separate filamentous network or coassembles with all three neurofilament proteins into a single filamentous network. SW13vim(Ϫ) cells lacking cytoplasmic intermediate filaments were quadruple-transfected with constructs that expressed ␣-internexin, NF-L, NF-M, and NF-H and were immunostained with mouse monoclonal antibodies to ␣-internexin or NF-M or NF-H and rabbit polyclonal antibodies to NF-L, NF-M, and NF-H. Double immunofluorescence analyses with pairs of antibodies confirmed that all four proteins coassembled into a single network of filaments (Fig. 4) .
NF-M deletion accelerates the transport rate of ␣-internexin, NF-L, and NF-H and reduces their levels
Having previously showed that in the absence of NF-L, ␣-internexin is required for efficient transport of NF-M (Yuan et al., 2003) , we examined here how NF-M deletion affects ␣-internexin levels and transport in optic axons. Mouse genomic DNA screening confirmed targeted disruption of NF-M (Fig.  5 A, B ) in homozygous mice, and Western blot analysis confirmed the absence of NF-M protein in mko mice (Fig. 5D ). In the absence of NF-M, the levels of ␣-internexin, NF-H, and NF-L proteins by quantitative immunoblotting were decreased to 54 Ϯ 8% (Fig. 5C ), 33 Ϯ 8% (Fig. 5E) , and 22 Ϯ 3% (Fig. 5F ), respectively, of the corresponding levels in control mice. The NF-M mutation causes different reduction of ␣-internexin, NF-L, and NF-H. This may indicate that NF-M partners differently with ␣-internexin and NF-L. The change of NF-H may be secondary to the reduction of other subunits. We determined slow axonal transport by injecting those two groups of mice with 35 S-methionine intravitreally and after injection analyzed by PAGE the radiolabeled proteins in cytoskeleton and Triton-soluble fractions from consecutive 1 mm segments of the optic pathways. The transport of ␣-internexin, NF-H, and NF-L, but not other cytoskeletal proteins, was markedly accelerated in optic axons from mko mice 7 d after injection (Fig. 5G-I ). Based on comparisons of the peaks of radiolabeled proteins, ␣-internexin, NF-H, and NF-L exhibited the same fivefold acceleration of average transport rate in mice lacking NF-M (1.07 mm/d) compared with controls (0.21 mm/d) (Fig. 5) . Similar results were obtained at 3 d after injection (data not shown).
Deletion of NF-H and NF-M markedly reduces axonal transport and levels of ␣-internexin and NF-L
We next examined how deleting NF-H in the absence of NF-M influences the levels and transport of ␣-internexin. NF-H and NF-M double knock-out mice were generated, verified by genomic DNA screening of homozygous mice for targeted disruption of NF-H (Fig. 6 A, B) and NF-M (Fig. 6C,D) . As expected, NF-H and NF-M protein were absent (Fig. 6 E, F ) in hm-dko mice, whereas the steady-state level of ␣-internexin was decreased to below 10% of wild-type levels (Fig. 6G) . As shown in Figure 5 , transport of radiolabeled ␣-internexin in wild-type mice was readily seen on both one-dimensional (Fig. 6 H) and two-dimensional gels (Fig. 6 J) , whereas Ͻ10% of the newly synthesized ␣-internexin protein was detected in hm-dko optic axons (Fig. 6 I, K ) . Because the radiolabeled and steady-state levels of ␣-internexin and NF-L in axons of hm-dko are greatly reduced compared with controls, their transport into axons after synthesis decreased, which was also evidenced through their perikaryal accumulation by immunocytochemistry (Fig. 7N ) (our unpublished data).
Genetically inducing loss of neurofilaments depletes ␣-internexin in axons throughout the CNS Using ␣-internexin monoclonal antibody MAB5224, we observed that ␣-internexin distributes widely in the brain, as shown in Figure 7 . When we deleted NF-M and NF-H in mice (Fig.  7 A, B) , ␣-internexin was dramatically reduced in axons across every brain region, including corpus callosum (Fig. 7C,D) , hippocampus (Fig. 7 E, F ) , frontal cortex (Fig. 7G,H ) , spinal cord ( Fig. 7 I, J ) , and cerebellum ( Fig. 7 K, L) . In contrast to the ␣-internexin depletion in neurites, perikarya in hm-dko mice displayed somewhat increased ␣-internexin staining relative to that in the control mice in most brain regions of the null mice. At higher magnification, strong ␣-internexin immunolabeling of cortical neurons was evident in both cell bodies (arrowheads) and neurites (arrows) in wild-type mice (Fig. 7M ) but was limited to the cell bodies in hm-dko animals (Fig. 7N ) . These results indicate that the two larger neurofilament subunits are required for the efficient transport and assembly of ␣-internexin in the axons. Western blot studies of different brain regions, including frontal cortex, hippocampus, cerebellum, and corpus callosum, confirmed the marked decrease in steady-state levels of ␣-internexin in the absence of both NF-H and NF-M (Fig. 7O) . The perikaryal accumulation of NF-L in the brains of hm-dko mice was also observed (data not shown), indicating its inefficient axonal transport in the absence of hetero-oligomer formation with NF-M and NF-H subunits in hm-dko mice (Yuan et al., 2003; Yuan, 2006) . Cerebellar granule cells, which were previously believed to contain only ␣-internexin (Chien et al., 1996) , also exhibited decreased levels of ␣-internexin staining in the absence of both NF-M and NF-H (Fig. 7 K, L) . Parallel fibers, the axons of cerebellar granule cells, in hm-dko mice exhibited dramatically reduced staining of ␣-internexin (Fig. 7L ) compared with those from wild-type controls (Fig. 7K ) , suggesting that, despite their low abundance, neurofilament proteins may, in fact, be present in the parallel fibers of cerebellar granule cells. Using the monoclonal antibodies SMI31 and SMI33, which detect, respectively, a phosphorylated epitope on extensively phosphorylated isoforms of NF-H and NF-M, and a nonphosphorylated epitope accessible Figure 4 . Coassembly of ␣-internexin with all three neurofilament proteins into single filament network. SW13vim(Ϫ) cells were quadruple-transfected with constructs that expressed ␣-internexin, NF-L, NF-M, and NF-H and were immunostained with pairs of antibodies. Each set of three panels across represents the single immunolabels and the merged double label (yellow indicating colocalization) for the following pairs of antibodies: A1-3 and a1-3, rabbit polyclonal antibodies (pAb) to NF-L and mouse monoclonal antibodies (mAb) to NF-M; B1-3 and b1-3, rabbit pAb to NF-L and mouse mAb to NF-H; C1-3 and c1-3, rabbit pAb to NF-L and mouse mAb to ␣-internexin; D1-3 and d1-3, rabbit pAb to NF-M and mouse mAb to ␣-internexin; E1-3 and e1-3, rabbit pAb to NF-H and mouse mAb to ␣-internexin. Scale bar, 20 m.
on both phosphorylated and nonphosphorylated isoforms of NF-H and NF-M, we confirmed in wild-type mice that the parallel fibers or axons (both thick and thin) of cerebellar granule cells contain low levels of these two neurofilament subunits (Fig. 8 A, C) , but those of hm-dko animals do not (Fig. 8 B, D) . The presence of neurofilament proteins in granule cell parallel fibers was also confirmed by immunolabeling with the monoclonal anti-NF-H antibody N52 (Fig. 8 E) or with a monoclonal antibody to NF-M (NN18) and NF-L (NR4) at high concentrations (data not shown). Doublelabeling studies showed that parallel fiber immunolabeling by anti-NF-H antibody (Fig. 8 F) and anti-␣-internexin antibody (Fig. 8G) overlapped (Fig. 8 H) . Our data are consistent with previous findings showing that limited amounts of neurofilament mRNA or protein may be present in cerebellar granule cells (Liesi et al., 1986; Gilad et al., 1989; Vitadello and DenisDonini, 1990; Dahlstrand et al., 1995; Riederer et al., 1996) . The data demonstrate that the presence of even low levels of NF-M and NF-H in cerebellar granule cells are critical for the efficient axonal transport and function of ␣-internexin.
Deletion of ␣-internexin modifies transport and levels of neurofilament subunits
We generated mice with ␣-internexin and NF-M double knockout by cross breeding ␣-iko with mko. Mouse genomic DNA screening confirmed targeted disruption of ␣-internexin (Fig.  9 A, B) and NF-M (Fig. 9C,D) in homozygous mice, and Western blot analysis confirmed the absence of ␣-internexin and NF-M protein in ␣-im-dko mice (Fig. 9 E, F ) . The levels of NF-H and NF-L proteins were decreased by 73% (Fig. 9G) and 83% (Fig.  9H ) of the corresponding levels in control mice, respectively. Slow axonal transport was determined by intravitreal injection of 35 S-methionine at 14 d after injection. As shown in Figure 9 , transport of radiolabeled NF-H and NF-L in wild-type mice was readily seen (Figs. 9I ) but was undetectable in ␣-im-dko (Fig. 9J ) even after film exposure of over 3 months. Therefore, deletion of ␣-internexin potentiated the effects of NF-M deletion on NF-L and NF-H seen in Figure 5 . Deletion of ␣-internexin alone, like NF-H deletion alone (Rao et al., 2002a) , has no apparent effect on transport of the other subunits (Yuan et al., 2003) . Because of the potential redundancy of subunit functions, we investigated ef- Figure 5 . Effects of NF-M deletion on transport rates and levels of ␣-internexin, NF-L, and NF-H in optic axons. A, B, Mouse genomic DNA was screened for targeted disruption of NF-M homozygous mice through genotyping the NF-M loci by hybridizing with a sequence from NF-M. C-F, On immunoblots of 10 -20 g of total optic nerve protein extract from 3-to 4-month-old mice, ␣-internexin and neurofilament triplet subunits were identified with mAbs to ␣-internexin, NF-M, NF-H, and NF-L (C, D, E, and F, respectively), relative levels of each protein were determined by NIH imaging. Measurements are mean Ϯ SD from four animals for each group. In the absence of NF-M protein (D), the levels of ␣-internexin, NF-H, and NF-L proteins were 54 Ϯ 8% (C), 33 Ϯ 8% (E), and 22 Ϯ 3% (F ) of the wild-type level, respectively. G-I, Slow axonal transport analyses, after intravitreal injection of 35 S-methionine in control (G) and mko mice (H ), demonstrate increased velocities of ␣-internexin, NF-H, and NF-L and unchanged rates of Triton-insoluble tubulin and actin in mko mice (I ). J, Distribution of ␣-internexin, NF-H, and NF-L in mko along optic pathway compared with that in wild-type mice. The squares represent wild-type control, and diamonds represent knock-out mice.
fects of ␣-internexin deletion further in NF-H-deleted mice by cross breeding ␣-iko with hko. Mouse genomic DNA screening confirmed targeted disruption of both ␣-internexin (Fig. 10 A, B) and NF-H (Fig. 10C,D) in homozygous mice, and Western blot analysis confirmed the absence of ␣-internexin and NF-H protein in ␣-ihdko mice (Fig. 10 E, F ) . Levels of NF-M and NF-L proteins did not significantly change (Fig. 10G,H ) (mean Ϯ SD; n ϭ 4); however, their axonal transport was selectively accelerated, because actin and cytoskeletal and soluble forms of tubulin translocated normally at 14 d (Fig. 10) and 21 d (data not shown) after injection.
␣-Internexin and NF-L exhibit identical axonal transport defects and mislocation in NF-H-LacZ transgenic mice
NF-H-LacZ transgenic mice express a fusion protein in which the C terminus of NF-H is replaced by ␤-galactosidase and develop marked perikaryal accumulations of neurofilaments and reduced neurofilament transport, mimicking patterns seen in several human neurodegenerative diseases (Eyer and Peterson, 1994; Al-Chalabi and Miller, 2003) . In 2D gel analyses of these mice, we observed that ␣-internexin, behaving like NF-L, was proportionally reduced to Ͻ25% of wild-type levels, whereas insoluble tubulin, actin, and spectrin did not change significantly (Fig.  11 A-D) . Like NF-L, ␣-internexin also accumulated in the retina containing the cell bodies of retinal ganglion cells in the NF-H-LacZ mutant mice (Fig. 11 E, F ) .
Discussion
Neurofilaments have universally been considered to be composed of three subunits. Another neuronal intermediate filament protein, ␣-internexin, which has been implicated along with neurofilaments in neurological disease, has been regarded as a component of an independent filament system with unknown function. In this study, we demonstrate, by all criteria previously used to establish the neurofilament "triplet proteins" as subunits of the neurofilaments, that ␣-internexin functions in the adult CNS principally as a fourth subunit of neurofilaments. Although ␣-internexin has been known to be a neuronal IF protein based on its coassembly in vitro with triplet proteins (Ching and Liem, 1993) , this property does not establish it as a neurofilament subunit. Nestin and vimentin are also IF proteins in neurons but are not part of the neurofilament, and in vitro coassembly into heteropolymers occurs between ␣-internexin and other IF proteins, such as vimentin and keratin, which are clearly not neurofilament subunits (Monteiro and Cleveland, 1989; Carter et al., 1997; Beaulieu et al., 1999) . ␣-Internexin copurified with the neurofilament triplet proteins from Triton-insoluble fractions in amounts comparable with . Effects of combined deletion of NF-H and NF-M on ␣-internexin and NF-L transport and levels in optic axons. hm-dko mice were generated by crossbreeding and screening. A-D, Mouse genomic DNA was screened for targeted disruption of both NF-H (A, B) and NF-M (C, D) homozygous mice through genotyping the NF-H and NF-M loci by hybridizing with a sequence from NF-H or NF-M. NF-H, NF-M, and ␣-internexin (␣-int) were identified by immunoblots of total optic nerve protein (10 -20 g) from 3-to 4-month-old mice using mAbs to NF-H (N52), NF-M (NN18), and ␣-internexin (MAB5224), respectively. E-G, In mice lacking NF-H and NF-M (E, F ), ␣-internexin levels are Ͻ10% of wild-type (wt) levels detected by immunoblotting (G), and NF-L proteins are barely detectable as shown previously (Yuan et al., 2003) . H, I, Slow axonal transport analyses (7 d after injection) in wild-type control (H ) and hm-dko mice (I ), as in Figure 5 , reveal barely detectable transport of ␣-internexin in hm-dko axons compared with wild-type mice. The positions of cytoskeletal proteins are indicated, and the nerve segments are numbered below the gels consecutively from the level of the eye. J, K, 2D transport analyses (7 d after injection) confirm dramatically reduced transport of ␣-internexin into hm-dko axons. The asterisks in J and K indicate Hsc70.
those of the other subunits and exhibited a stable stoichiometry with NF-L in different CNS regions and under normal and abnormal conditions in which neurofilament levels vary. We also demonstrated, for the first time, that ␣-internexin coassembles with all three neurofilament proteins into single filamentous network in quadruple-transfected SW13vim(Ϫ) cells and colocalizes with NF-M on the same neurofilament in optic axon from normal mice. Based on observations that the molar ratio of the neurofilament triplet isolated from bovine spinal cord myelinated axons is 4:2:1 (NF-L:NF-M:NF-H) (Scott et al., 1985) and the molar ratio of NF-L to ␣-internexin is ϳ2:1, we calculate that the molar ratio of the quadruplets in isolated axonal neurofilaments from optic nerve and spinal cord is 4:2:2:1 (NF-L: ␣-internexin:NF-M:NF-H). The stoichiometry of radiolabeled ␣-internexin and NF-L was maintained during axonal transport even after substantial times, indicating that NF-L and ␣-internexin in axons have the same turnover rate. Highresolution, two-dimensional, gel electrophoresis showed unequivocally that ␣-internexin is transported at the same rate as the triplets, consistent with previous one-dimensional gel analyses indicating transport of ␣-internexin and NF-L at similar rates in rat optic nerve (Kaplan et al., 1990) .
A functionally meaningful association of ␣-internexin with the neurofilament triplet in vivo was strongly supported by addi- tional studies of axonal transport in a series of neurofilament subunit knock-out mice. Indeed, ␣-internexin appears to be more integral to neurofilament transport than NF-H, because deleting ␣-internexin in the absence of NF-L reduces NF-M transport to undetectable levels, whereas deleting NF-H in the absence of NF-L has no apparent effect on NF-M transport (Yuan et al., 2003) . Loss of NF-M greatly reduced levels and accelerated transport of not only NF-L and NF-H, as shown previously in peripheral nerve (Jacomy et al., 1999) , but also ␣-internexin, indicating a close association among these proteins. The effect on ␣-internexin transport and levels in axons was even more dramatic when both NF-H and NF-M were deleted. Conversely, ␣-internexin deletion influenced the behaviors of the triplet proteins. Deletion of ␣-internexin in the absence of NF-H accelerated the transport of NF-M and NF-L, indicating that ␣-internexin interacts with NF-M or NF-L or both during transport under these conditions. The fact that neurofilament transport is affected only after deletion of both ␣-internexin and NF-H, but not either NF-H alone (Rao et al., 2002a) or ␣-internexin alone (Yuan et al., 2003) , implies redundancy of function or cooperation between ␣-internexin and NF-H.
Our results coupled with previous findings on the importance of an ␣-internexin-NF-M partnership for neurofilament transport (Yuan et al., 2003) strongly suggest that one function of ␣-internexin in neurofilaments is to facilitate transport of these assemblies. The fact that deletion of ␣-internexin in the absence of NF-M lowered transport and levels of labeled NF-H and NF-L in axons to barely detectable levels supports the idea that, in addition to partnering with the NF-M subunit, some ␣-internexin also partners with NF-H and NF-L subunits.
The functional contribution of ␣-internexin as a fourth subunit of the neurofilament likely extends beyond its facilitatory role in filament transport. Each subunit of the neurofilament is known to interact with different subsets of proteins and organelles. For example, NF-L interacts specifically with myosin Va (Rao et al., 2002b) , microtubule-associated proteins (Heimann et al., 1985) , and the NR1 subunit of the NMDA receptor (Ehlers et al., 1998; Ratnam and Teichberg, 2005) , whereas the dopamine D 1 receptor (Kim et al., 2002) and mitochondria (Wagner et al., 2003) bind separately to the NF-M and NF-H subunits, respectively. Therefore, the heteropolymeric neurofilaments may provide a platform for integrating diverse macromolecules into functional units. Variations in subunit stoichiometry in different neuronal populations and different domains of neurons (Hirokawa et al., 1984) may allow this platform to be tailored to coordinate specialized functions in a particular neuron type or location within a neuron. Neurofilaments differ in length in axons and dendrites (Burton and Wentz, 1992; Brown, 1997; Kong et al., 1998) , and the proportions and phosphorylation states of NF-H, in particular, are highly variable (Hirokawaet al., 1984; Pachter and Liem, 1984; Archer et al., 1994) . Like NF-H, ␣-internexin present in varying proportions in neurofilaments extends the functional capacities of neurofilaments. ␣-Internexin, for example, binds selectively to the membrane cytoskeletal protein 4.1R and to other scaffold proteins of the postsynaptic density (Jing-Ping et al., 2005; Suzuki et al., 2005) , suggesting that ␣-internexin may facilitate the integration of neurofilaments with membrane-associated cytoskeletal and receptor components. The higher proportions of ␣-internexin in dendritic spines (Benson et al., 1996) and at postsynaptic densities (Suzuki et al., 1997) are consistent with this role.
Greater proportions of ␣-internexin in a neurofilament have also been proposed previously to confer greater plasticity to the neurofilament network (Nixon and Shea, 1992; Giasson and Mushynski, 1997) , perhaps by modifying the cross-linking capabilities of neurofilament populations (Vickers et al., 1992; Giasson and Mushynski, 1997) . It has been shown recently that, even in the adult brain, small axons may be highly dynamic (Stettler et al., 2006) . The relatively high proportions of ␣-internexin in the neurofilaments of small-caliber axons seen in this study and in others (Kaplan et al., 1990; Fliegner et al., 1994) may facilitate this greater degree of plasticity in adult and developing brain, as also suggested by the facilitatory effect of ␣-internexin on axonal neurite elongation (Shea and Beermann, 1999) . Our findings imply that ␣-internexin in mature neurons likely performs the forego- ing possible functions as a component of neurofilaments, rather than as an independent filament system. ␣-Internexin pathology has been increasingly reported in neurodegenerative diseases associated with neurofilament accumulation or mislocation. Our evidence that ␣-internexin is a neurofilament subunit in adult CNS provides a basis for this close association. ␣-Internexin is prominent in the neurofilament inclusions that are hallmark of neuronal intermediate filament inclusion body disease, a form of frontal temporal dementia (Cairns et al., 2004a) . In tropical spastic paraparesis, a degenerative neurological disorder, ␣-internexin interacts selectively with the human T-cell leukemia virus transcriptional transactivator Tax leading to cytoskeletal disorganization and marked neurofilament accumulation (Wu et al., 1993; Liberski et al., 1994 Liberski et al., , 1999 Reddy et al., 1998) . Notably, NF-L mutations cause type 2E and 1F forms of Charcot-Marie-Tooth disease, the most common inherited peripheral nerve disorder (Mersiyanova et . It is interesting to speculate that the presence of ␣-internexin could make the CNS neurofilament network more resistant than that of the PNS to the loss of NF-L function in the disease by facilitating NF-M and NF-H assembly and transport. Consistent with this possibility is the finding that NF-M is still transported and assembled with ␣-internexin in optic axons without NF-L, although the mutant axons are smaller and have fewer neurofilaments than wild-type controls (Zhu et al., 1997; Yuan et al., 2003) .
In supporting the role of ␣-internexin as a fourth subunit of neurofilament, our data do not conflict with previous data, nor do they exclude the possibility that, in addition to assembling into neurofilaments in the mature CNS, ␣-internexin may form homopolymeric filaments at some earlier stage in development. It should also be noted that even during the peak of late embryonic expression of ␣-internexin, NF-M, the critical partner for subunit transport, is also expressed, albeit at low levels (FaussonePellegrini et al., 1999; Undamatla and Szaro, 2001 ). Levels of ␣-internexin expression are believed to be higher during late embryonic development and to be reduced to some extent postnatally (Kaplan et al., 1990; Usui et al., 1996) . Our data emphasize, however, that despite somewhat lowered expression of mRNA, protein levels of ␣-internexin are in the same range as the "triplet proteins," which are among the most abundant proteins in the brain. Although the reported undetectable level of neurofilament proteins in cerebellar granule cells has been viewed as support for an independent ␣-internexin filament system, we found that granule cell neurons do, in fact, contain low levels of triplet proteins, and deletion of these subunits depletes ␣-internexin from the axons of these cells.
Although ␣-internexin is initially expressed in peripheral axons, its expression is markedly downregulated during embryonic development and is not easily detectable in most adult peripheral tissues. The developmental disappearance of ␣-internexin in the PNS coincides with the appearance of another intermediate filament protein, peripherin. Peripherin, a type III intermediate filament protein, assembles with NF-L in SW13 cells devoid of endogenous intermediate filaments and is found with the neurofilament triplet proteins in the same filament in PC12 cells and in some neurofilaments from sciatic nerve (Parysek et al., 1991) . A frameshift deletion in the peripherin gene has been shown recently to disrupt neurofilament assembly in a subgroup of cases of amyotrophic lateral sclerosis (ALS) (GrosLouis et al., 2004) . In one ALS case, a pathogenic peripherin gene mutation was associated with distinctive large perikaryal aggregates containing peripherin and neurofilament triplet (Leung et al., 2004) . These observations strongly suggest that peripherin interacts with neurofilaments in vivo and possibly serves a role in the PNS analogous to ␣-internexin. To establish this possibility will require systematic molecular genetic studies of peripherin and neurofilament subunits together with investigations of these proteins with respect to stoichiometry, axonal transport and turnover, coassembly, and ultrastructural colocalization. Our results would suggest that differences in neurofilament composition between the CNS and PNS should now be considered as a possible contributing factor to the differential vulnerability of these neural systems to pathological states. Figure 11 . ␣-Internexin and NF-L transport and levels in optic axons and in retinas containing retinal ganglion cell bodies in NF-H-LacZ transgenic mice. A-D, Quantification image analysis of Coomassie blue-stained 2D gels indicates that ␣-internexin (arrowheads) and NF-L (arrows) in NF-H-LacZ transgenic mice were Ͻ25% of wild-type levels, whereas insoluble tubulin, actin, and spectrin were not changed. E, F, Levels of ␣-internexin and NF-L in the retina containing retinal ganglion cell bodies are increased in NF-H-LacZ transgenic mice compared with control mice.
